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ABSTRACT: We explore the concentration dependence of the zero shear viscosity of well-defined
dendritically branched polystyrene solutions in relation to their internal structure. Whereas in the past
the change of total molecular weight was achieved via change of the number of generations (G) for fixed
backbone segment length (average number of units between branches, P), these unique materials with
constant number of generations allow monitoring the molecular weight through variation of P. We find
that increasing P yields polymer-like behavior, whereas for lower backbone molecular weights a
predominantly colloidal particle-like behavior is observed. Our results further indicate that the static
properties (the branching ratio, i.e., the ratio of dendritically branched-to-linear polymer radius of gyration,
g ) 〈Rg2〉/〈Rg2〉linear and scattering intensity) are also sensitive, but to a lesser degree, to the crossover
from colloidal to polymeric behavior, especially for the largest molecular weights.
I. Introduction
Dendrimers have emerged as a relatively new class
of highly and regularly branched macromolecules with
interesting properties (ranging from processing aids to
controlled drug release) and numerous potential ap-
plications, depending on their generation, i.e., the
number of branching layers.1,2 The regularity of their
internal structure, very low polydispersity and very low
molecular weight between branches (usually just one
monomer) make them different from the conventional
hyperbranched polymers,3 which possess in general a
varying degree of branching per layer and a nonnegli-
gible polydispersity, and have been studied extensively
as well. A special class of hyperbranched polymers
encompassing features from both classes of branched
polymers above is that of dendritically branched (or
dendritic) polymers, where the molecular weight be-
tween branch points can be varied and controlled.
Examples of dendritic polymers in this sense, which
could also be called Cayley trees,4 include arborescent
polymers,5 dendrigraft polymers,6 dendrimer-like star
polymers,7 and others.8
Dendritically branched polymers having a constant
but small number of chain segments between branching
points (below their entanglement limit) and a low
number of generations (G e 5) can be compared to
starlike branched macromolecules, whereas for larger
number of generations (G > 5) they can become more
spherelike due to their tightly packed molecular struc-
ture. Unique dendritic polystyrenes of generation G )
5 were recently synthesized using anionic polymeriza-
tion techniques;8 their unique melt rheological proper-
ties were investigated and it was found that these
macromolecular objects exhibit low zero-shear viscosity
and high elasticity.9 Ideally, such polymers are es-
sentially starburst molecules due to their starlike
cascade topology.10 However, the procedure employed
for the synthesis of the present polymers (convergent
living anionic polymerization)8 yielded dendritic poly-
mers resembling rooted trees, being far from perfect
starburst dendrimers and closer to hyperbranched
polymers, yet with low polydispersity and high branch-
ing efficiencies.
The unusual solution properties of the polymers with
dendritic structures (dendrimers as well as hyper-
branched polymers) relate to their architecture and
make them attractive candidates for use as rheology
modifiers.2-4,9 In particular, they possess remarkably
low viscosities and high solubilities compared to those
of linear polymers with the same total molecular weight.
The former is generally attributed to their dense, packed
internal structure,2,8,10-12 whereas the latter is a con-
sequence of the large number of peripheral terminal
groups of the dendritic polymers.2,8,9
In recent years, the need to bridge the gap between
polymers and colloids has emerged as an important topic
in soft matter physics.13,14 The reason stems from the
desire to explore the behavior and properties of complex
materials exhibiting both polymeric and colloidal fea-
tures; a typical example is a polymerically stabilized
colloidal sphere with varying size of grafted polymeric
layer. In this paper, we employ this new series of
dendritically branched polystyrenes in order to address
some aspects of the problem; in particular, by varying
the length of the chain segments between branches we
can monitor the “compactness” and thus the softness of
the dendritic polymer, and thus we effectively span the
polymer-to-colloid range. We examine the concentration
dependence of the zero-shear viscosity of these systems,
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and we demonstrate that it is possible to tune at
molecular level the properties to meet specific needs.
We further show that hard spheres, micelles, stars,
dendritic, and linear polymers can fit in a generic
master plot of reduced viscosity against volume fraction.
The paper is organized as follows: Section II includes
the materials and methods used; the experimental
results are presented and discussed in section III and
the main conclusions drawn from this work are sum-
marized in section IV.
II. Experimental Section
Materials. We used dendritically branched polystyrenes of
different molecular weight between branches, all possessing
approximately five generations; their main molecular charac-
teristics are listed in Table 1. They were synthesized using a
novel method that combines living anionic polymerization with
a convergent process in a one-pot reaction, yielding well-
defined polymers with polydispersity Mw/Mn < 1.5; details can
be found in ref 8. Numerous samples were prepared in dioctyl
phthalate (DOP) at different concentrations ranging from 0.2
to 40 wt %, spanning the dilute-to-concentrated range. Selected
samples were also dissolved in deuterated and protonated
toluene for neutron scattering and light scattering measure-
ments, respectively, as discussed below.
Methods. The main experimental tool was shear rheometry
(Rheometric Scientific ARES-100FTRN1-HR), for the mea-
surement of the solutions zero-shear viscosities in DOP at 20
or 22 °C for the mixtures (see below); temperature control of
(0.1 °C was achieved via a recirculating water-ethylene glycol
mixture. Depending on the concentration, Couette (height 13.5
mm, bob diameter 16.5 mm and cup diameter 17 mm) or
parallel plate geometries (25 mm diameter, 1 mm sample
thickness) were employed. The tests consisted of isothermal
dynamic frequency sweeps in the linear viscoelastic regime
(which was established with isochronal dynamic strain sweeps)
and steady shear rate sweeps.15
Some selected small-angle neutron scattering (SANS) mea-
surements were also carried out with dilute dendritic polymer
solutions in deuterated toluene (contained into a 1 mm thick
Hellma quartz cuvettes) at the KWS II, Forschungszentrum
Ju¨lich; neutrons were used with a wavelength of ì ) 6.3 Å
and ¢ì/ì  0.18, at three detector distances (2, 8, and 20 m)
in order to access the wavevector range 0.03 < q (nm-1) < 1.5,
allowing one to assess the polymers’ form factor and radius of
gyration, Rg.16 The scattered neutrons were detected with a
two-dimensional 3He detector consisting of 64  64 channels,
each of 0.8 cm width. The count rate was controlled in a way
that minimized the dead time effects. The isotropic raw data
were radially averaged and corrected for background scatter-
ing, and the intensity was converted into absolute units (cm-1)
by using a polyethylene sample of known incoherent scattering
as standard (calibrated against vanadium) and employing the
Juelich software package DAN.16
We also used the dynamic light scattering technique (photon
correlation spectroscopy) in order to determine the hydro-
dynamic radii of these systems (single dendritic polymers in
very dilute solution, in the concentration range 0.08-0.1 wt
%), Rh. An ALV goniometer setup and an ADLAS Nd:YAG
laser operating at ì ) 532 nm were utilized. The Brownian
motion of a dendritic polymer was detected through the
concentration fluctuations of the system at different scattering
wavevectors q ) (4ðn/ì) sin(ı/2), n being the refractive index
of the solvent and ı the scattering angle. The measurement
consisted of obtaining the intermediate scattering (field)
function C(q,t) ) [(G(q,t) - 1)/f*]1/2 in the polarized (VV)
geometry, where f* is an instrumental factor relating to the
coherence area (for details, see ref 17) and the time autocor-
relation function of the scattered intensity G(q,t) was deter-
mined with an ALV-5000/E fast multi-ô correlator in the time
range 10-7-103 s. The inverse Laplace transformation of the
C(q,t) (obtained using the CONTIN software), C(q,t) ) sL(ln
ô) exp(- t/ô) d(ln ô) was used to determine the continuous
spectrum of relaxation times L(ln ô), which was subsequently
fitted with a Gaussian function in order to obtain the char-
acteristic relaxation time ô; from the latter, the diffusion
coefficient was extracted D ) 1/(ôq2). The equivalent hydro-
dynamic radius was obtained from Rh ) kT/6ðŁsD (k being
the Boltzmann constant and Łs the solvent viscosity), assuming
validity of the Stokes-Einstein relation for spherical objects.
III. Results and Discussion
III.1. Conformational Features. Figure 1 depicts
a typical result of the wavevector dependence of the
SANS intensity for the dilute (1wt %) sample PS 1:5 in
d-toluene. Since in the dilute region the structure factor
is S(q)  1, the scattering intensity is essentially the
form factor, I(q)  P(q). From the fitting of the data to
the Guinier expression (for a q range around Rg-1),18
we can extract the plateau value of the intensity
(thermodynamic limit), I0 ) I(qf0), and the value of
Rg. Alternatively, the Rg values were obtained from the
so-called Berry plots.19 A typical example is depicted in
Figure 2 which plots the intensity (form factor) against
q2; the linear fit to the low-q data yields the radius of
gyration. The obtained values of Rg and Rh (from
dynamic light scattering) in toluene are depicted in
Table 1.20
The dependence of Rg on molecular weight for such
dendritic structures merits special attention. For good
solvent conditions (with excluded volume interactions)















PS 1:5 70 4.5 3.3 5.4 5.1
PS 1:10 95 4.8 6.6 6.3 6.1
PS 1:20 213 5.6 13.2 9.4 9.1
PS 1:50 320 5.3 33.3 11.3 11.3
PS 1:100 740 5.6 61.3 16.2 18.5
PS 1:137 863 5.2 91.3 19.6 19
PS 1:200 1313 5.1 133.3 30.2 29.6
a From refs 8 and 9. b Rg measured in d-toluene at 20 °C. c Rh
measured in toluene at 20 °C.
Figure 1. SANS intensity as a function of scattering wavevec-
tor q, for a dilute solution (1 wt %) of PS 1:5 in d-toluene. The
line is the fit of eq 1 to the data.
I(q) ) I0e
-q2Rg2/3 (1)
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the following dependence was derived from scaling
arguments:21
It was shown that this holds for the simulated dendrim-
ers in the range P ) 1 to 50 (P being the number of
units between branch points) and number of generations
G ) 1 to 7. The total number of monomer units was N
) fP[(f - 1)G+1 - 1]/(f - 2) + 1 where f is the
functionality of the branch point (f ) 3 here). Similar
results with identical or slightly different exponents
were reported in earlier mean-field theoretical mod-
els22,23 and simulation studies, irrespective of solvent
quality.10,24,25
In all experimental and simulation work on den-
drimer systems to date, P was kept constant and G was
varied;10,21,24-26 it was observed that Rg exhibited an
overall N0.3 dependence (accounting for the fact that N
can vary with P and/or G).21 The dependence of Rg of
dendrimers on P has never been explored experimen-
tally, because of the synthetic difficulties. The unique
samples at hand with their nearly constant generation
number8 allow this for the first time. Indeed, this is
demonstrated in Figure 3, which represents the ap-
plication of eq 2. Given the small uncertainty in the data
(Rg determination as discussed above, small polydis-
persity and the small variation of G), their agreement
with the dendrimer model is reasonably good to justify
the claim that the data conform to this model. Note that
eq 2 can also be applied to the Rh data with the same
results as in Figure 3 (not shown here). Therefore, to a
first approximation, the dimensions of the present
dendritically branched polystyrenes scale like starburst
dendrimers.
The ratio Rg/Rh for the different dendritic polystyrenes
is listed in Table 2 and found to be nearly 1 (actually,
it varies from 0.88 to 1.06),20 indicating that these
systems exhibit a behavior between hard spheres (Rg/
Rh ) 0.77) and flexible polymers (Rg/Rh ) 1.47-
1.50).27,28 Note that for particles with spherical symme-
try this ratio assumes its maximum value of 1 in the
case of hollow spheres (e.g., vesicles);28 the present
dendritic polymers, as well as the polymer coils, are not
truly spherically symmetric, and thus a logical analogy
to hollow spheres is not fully justifiable in this respect.
On the other hand, it is possible that the dendritic
polymers might have a wedgelike shape. Furthermore,
the fact that Rg/Rh is virtually independent of molecular
weight suggests that these dendritic structures (with
nearly constant G) are self-similar.9,29 Furthermore, to
assess the properties of the present dendritic polymers,
it is useful to compare them with other well-defined
branched polymers. In this respect, we consider model
star and comb polymers based on the number of
branching units as follows: The present dendritic
polystyrenes have an average of 60 segments. Table 2
lists the static and hydrodynamic properties of two comb
polystyrenes having on average 30 side-branches and a
branch length virtually of the same size as the backbone
segment between two branching points (C622 and
C732),30 thus effectively representing branched systems
with a total of 60 branches on average. This table also
includes regular nominally 64-arm 1,4-polybutadiene
stars (coded as S64)31 which can be thought of as a
regularly branched polymer of nearly spherical confor-
mation, with about 60 branches. It can be also seen from
this Table that the static property27,31,32 g ) 〈Rg2〉/
〈Rg2〉linear (branching ratio) is weakly sensitive to the
differences in branch molecular weight, and thus com-
pactness, of the dendritic polystyrenes (small difference
Figure 2. Inverse square route of SANS intensity (1/xI)
against q2 for the PS1:5 data of Figure 2 (Berry plot).
Figure 3. Dependence of the radius of gyration of the
dendritic polystyrenes in toluene at 20 °C (O) on the product
MwP2 (see eq 2 in text). The dashed line represents the
theoretical slope of 0.2.
Rg ∝ N
1/5(G + 1)2/5P2/5 (2)
Table 2. Comparison of the Size Ratios of Different
Branched Polymers with nearly the Same Number of
Branches
sample code Rg/Rha gb
PS 1:5 1.059 0.377
PS 1:10 1.033 0.359
PS 1:20 1.033 0.310
PS 1:50 1 0.279
PS 1:100 0.876 0.215
PS 1:137 1.032 0.263




1 In toluene. 2 Static property (branching ratio):27,31,32 g ) 〈Rg2〉/
〈Rg2〉linear, in toluene. The linear polymer has the same (total)
molecular weight as the dendritic one. Its Rg was obtained from
ref 32. 3 Comb polystyrene from ref 30. Number of branches p )
30; backbone segment molecular weight M ) 9166; branch
molecular weight Mbr ) 11700. 4 Comb polystyrene from ref 30.
Number of branches p ) 30; backbone segment molecular weight
M ) 28670; branch molecular weight Mbr ) 25700. 5 Multiarm star
1,4-polybutadiene from ref 31. The number of arms ranges from
56 to 62, and the arm molecular weight ranges from 6330 to 71000.
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of g values among samples), with increasing sensitivity
for the largest molecular weights examined; this could
suggest possible means of distinguishing the different
dendritic polymers. One may also conclude from Table
2 that the dendritic polymers at hand are clearly
different from the multiarm star polymers, and reason-
ably close to the comb polymers. In fact, their g values
are in the range of typical values exhibited by conven-
tional hyperbranched polymers (between 0.22 and 0.44
for a number of branches in the range 10-400)3.
Figure 4 plots the ratio I0/I(q) against the square of
the dimensionless size, q2Rg2 for the two limiting
samples PS 1:5 and PS 1:200, along with the theoretical
curves for a (hard) sphere, and the two polymeric
counterparts, a flexible coil and a rigid rod.16,28 A
difference between the two samples is evident, although
not dramatic: PS 1:5 with smaller molecular weight
between branches (and thus total molecular weight) is
more compact and appears to be closer to a sphere,
whereas sample PS 1:200 has a more extended, loose
structure resembling that of a polymeric coil. For
comparison, we have included in this plot data from a
well-studied model multiarm star polymer, PBd12807,
i.e., a 1,4-polybutadiene regular star possessing nomi-
nally 128 arms and arm molecular weight 7000.31 The
SANS data were obtained from measurements in d-
methylcyclohexane (12807).33 It can be seen that the
star exhibits more regular spherical shape than the
dendritic polymers, as judged from its closer proximity
to the sphere limit. Therefore, this type of representa-
tion could possibly offer (along with the dynamic data
discussed below) a means of classification of the differ-
ent branching architectures with respect to their con-
formation. Note that the intermediate dendritic poly-
styrene molecular weights are situated between the two
limiting cases of Figure 4, suggesting that tuning the
layer molecular weight offers a means to control the
dendritically branched polymer conformation. Alterna-
tively, a Kratky plot of Iq2 against q (not shown here)
shows the difference between PS 1:5 and PS 1:200, as
the more particle-like former dendritic polymer exhibits
a clear peak, whereas the latter does not.
III.2. Rheological Features. Figure 5 depicts the
relative viscosity (Ł0/Łs, with Ł0 the zero shear viscosity
and Łs the solvent viscosity) as a function of effective
volume fraction (æeff) for the seven different dendritic
polystyrenes of Table 1 in DOP at 20 °C. The latter
quantity represents the volume fraction of an effective
sphere with dimension the overall hydrodynamic radius
of the soft particle (Rh),34 and is equivalent to the
normalized concentration, c/c*, where c* is the overlap-
ping concentration. DOP is a £ solvent for linear
polystyrene at 21 °C,32 but on the other hand branching
(similar to that in the present systems, where there are
in the macromolecule chain segments between branches)
is known to result in a reduction of the theta temper-
ature.11 On the basis of this, as well as on basis of the
fact that the measured Rh values in toluene (good
solvent) and DOP (used for the determination of æeff,
and not shown here) at 20 °C exhibit the same depen-
dence on the total molecular weight (eq 2), we claim that
at this temperature DOP is a good solvent for the
dendritically branched polystyrenes at hand. In Figure
5, some representative data from multiarm star poly-
mers35 (with 128 and 32 arms, resembling hard colloids
and polymer coils, respectively) and hard sphere col-
loidal dispersions36,37 used in a previous work34 are also
included. It is remarkable that data from all these
different systems can be put together in a generic plot
when their hydrodynamic radius is considered for the
estimation of the c* and thus the effective volume
fraction.34,38 Furthermore, an important finding is the
fact that the dendritic samples with the same generation
G (Table 1) and similar values of the ratio g (Table 2)
exhibit different viscosity-volume fraction behavior
(different curves). In particular, it can be observed that
at high volume fractions the dendritic polymer with the
smallest total molecular weight (PS1:5) exhibits a
steeper volume fraction dependence compared to its
counterparts, approaching the behavior of multiarm
stars and hard spheres. On the other hand, the system
with the largest total molecular weight (PS1:200) ap-
pears to behave more like a flexible polymer solution.
This difference in behavior of dendritic polystyrenes
with the same number of generations reflects the
Figure 4. Inverse normalized SANS intensity I(q ) 0)/I(q)
against q2Rg2. Dashed lines through the data are drawn to
guide the eye. The solid lines represent theoretical predictions
for sphere, coil and rod.
Figure 5. Relative zero-shear viscosity, Ł0/Łs, against effective
volume fraction, eff (based on the hydrodynamic radius at 20
°C) for the dendritically branched systems (PS1:5, pentagon;
PS1:10, 3; PS1:20, triangle pointing right; PS1:50, x;
PS1:100, hexagon; PS1:137, triangle pointing left; PS1:200, 0).
In this plot some typical data from multiarm star polymers
(128 arms, arm molecular weight Ma ) 80K, 12880, ]; 128
arms, Ma ) 7K, 12807, 4; 32 arms, Ma ) 80K, 3280, b) and
hard sphere colloids (PMMA in Decalin 640 nm radius, g; 602
nm radius, ) are also included for comparison (see also refs
34-37).
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difference in molecular weights between branches, as
already discussed. PS 1:5 is more compact and remi-
niscent of colloidal spheres (with soft interactions),
whereas PS1:200 has a much looser structure and
exhibits a nearly polymeric behavior. An intermediate
behavior is observed for the intermediate molecular
weights samples (PS1:10 to PS1:137) reflecting a in-
creasingly softer interaction as the molecular weight
between branches increases; the turning point from
predominantly colloidal to predominantly polymeric
behavior is apparently set at the PS1:50 sample and
relates to the phenomenological fitting of the data, as
discussed below. Note that all the data of Figure 5
collapse into a master curve for low-volume fractions
æeff < 0.08 (the Einstein limit, Ł0/Łs ) 1 + 2.5eff); this
suggests that the effective volume fraction is an ap-
propriate composition variable for these systems.
To obtain a quantitative description of the concentra-
tion dependence of the zero-shear viscosity several
expressions have been proposed in the literature.39-41
For the present set of data, we attempted fitting with
established semiempirical relations for two limiting
cases, colloids and polymers, as follows. The Krieger-
Dougherty empirical relation,37,41,42
proposed to describe the viscosity-concentration curves
of colloidal spheres close to the hard sphere limit (here
2.5 is the Einstein value for hard spheres) did not give
very satisfying results, even for the dendritic polymers
with the two lowest molecular weights (most compact,
i.e., closer to the hard sphere behavior). This equation
can be used in principle to determine the “effective close
packing” volume fraction at which the viscosity diverges,
m, by considering the dendritic polystyrenes as effective
hard spheres.38 In such a case all softer than hard
sphere particles would exhibit m > 0.67, as observed
even by eye in Figure 5. In the present case the values
of m cover the range 1.28 < m < 3.87(see Table 3 and
Figure 6 below); similar values of m have been reported
for other dendritic polymers recently.38 Still, the fit of
eq 3 to the data is far from perfect; one possible origin
for the deviations could be the not truly spherical (rather
wedgelike) shape of the dendritic polymers, which could
also lead to a distinct geometrical packing compared to
purely spherical objects.40 Obviously, this equation
cannot describe polymeric behavior. Similar conclusions
with respect to the classification of the dendritic poly-
styrenes are drawn from the use of the Quemada form
of the Krieger-Dougherty equation (which is similar to
eq 3 but has an exponent of -2).37,43 Note that, in a
recent study of the volume fraction dependent zero-
shear viscosity of dendrimers,44 the viscosity increase
at high volume fractions (which remained 2 orders of
magnitude lower than those of the present work) for the
higher generation dendrimers was found to be much
smaller than the Krieger-Dougherty expectation; this
was attributed to the breakdown of the solvation layer.
For the samples beyond PS1:50 (which are closer to
polymeric chains) we used the Martin equation to
describe the viscosity-concentration curves,45 as the
Krieger-Dougherty equation did not produce reason-
able fits:
This equation best describes the viscosity-concentration
relationship in polymer solutions, and fails for systems
exhibiting strong concentration dependence such as soft
spheres. The constant K (listed in Table 3 for different
dendritic samples) provides a measure of polymer-
polymer interactions in a given solvent and its decrease
denotes an enhanced quality of the solvent.
The fits of the predictions to the dendritic polystyrene
data are presented in Figure 6, where PS1:5-PS1:20
were fitted with the Krieger-Dougherty equation and
PS1:50-PS1:200 with the Martin equation. The mes-
sage that emerges from the present data and analysis
is that these unique dendritic polymers with constant
number of generations G can behave either as linear
flexible polymers or as soft colloids and their rheological
behavior can be molecularly tuned (through the number
and size of branches) at wish; in this respect, although
distinct species in terms of internal structure, they do
exhibit similarities and complementarities with spheri-
cal particles having chemically grafted linear chains,
micelles, microgels, sterically stabilized colloids, de-
formable colloidal particles, and colloidal stars.32,46-50
IV. Concluding Remarks
The present study focused on the concentration
dependence of the zero shear viscosity of a unique series
Table 3. Overlapping Concentration (c*) and Best Fit
Parameters of Dendritic Polystyrene Data to the
Krieger-Dougherty and Martin Equations
sample code c* (g/mL)a mb Kc
PS 1:5 0.30 1.28
PS 1:10 0.23 2.76
PS 1:20 0.16 3.87
PS 1:50 0.13 0.89
PS 1:100 0.10 0.68
PS 1:137 0.09 0.73
PS 1:200 0.06 0.62
a Estimated in DOP at 20 °C. b From Krieger-Dougherty, eq
3. c From Martin, eq 4.
Ł0
Łs
) (1 - effm)- 2.5m (3)
Figure 6. Relative zero-shear viscosity Ł0/Łs against effective
volume fraction, eff, based on the hydrodynamic radius, for
the dendritically branched systems at 20 °C. Solid lines are
fits to the Krieger-Dougherty (eq 3) and dashed lines to
Martin (eq 4) equations.
Ł0
Łs
) 1 + 2.5effe
2.5Keff (4)
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of well-characterized dendritic polystyrenes, with virtu-
ally the same number of generations, G, and varying
(the average) branch segment length, in relation to their
internal structure. Our results indicate that these
dendritic polymers with similar values of the ratio g )
〈Rg2〉/〈Rg2〉linear exhibit different viscosity-volume frac-
tion behavior. In particular, for higher backbone seg-
ment length (and thus total molecular weight) the
dendritic system behaves as a flexible polymer, whereas
on the other hand for lower molecular weights the
system exhibits a predominantly colloidal particle-like
behavior. We also find that static properties (g and
scattering intensity) are weakly sensitive to the internal
structure of the polymers (and thus the crossover
between colloidal and polymeric behavior); however,
they seem to become increasingly more sensitive for the
largest molecular weights. These results could poten-
tially offer a means for classifying dendritic polymers
with respect to their properties and further tuning their
rheology at the molecular level.
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